Phosphonoacetic acid (PAA) inhibits the multiplication of African swine fever (ASF) virus in VERO cells. The observed inhibition of the in vivo DNA synthesis could be related to the in vitro inhibition of a virus-induced DNA polymerase activity present in cytoplasmic extracts from infected VERO cells.
INTRODUCTION
African swine fever (ASF) virus is an enveloped icosahedral deoxyvirus (Hess, i97 0, which multiplies in the cytoplasm of the infected cell (Breese & de Boer, I966) , but requires the cell nucleus for virus DNA replication (Ortin & Vifiuela, I977) . The virus genome is a double-stranded DNA molecule of mol. wt. IOOX to 6 (Enjuanes et al. I976b) . After infection, susceptible cells show an enhancement of DNA polymerase (Polatnick & Hess, I972) , which suggests that this enzyme is coded for by the virus genome.
In domestic swine ASF virus produces either an acute, contagious and fatal disease (Hess, 1971) or a chronic infection (Coggins, I974) . Chemical compounds with antiviral activity against ASF virus but with no effect on the normal host cell functions would be extremely useful, not only as potential prophylactic and/or therapeutic agents but also as valuable tools for mutant selection.
Phosphonoacetic acid (PAA) inhibits the replication of a variety of animal deoxyviruses, such as herpes simplex virus (Shipkowitz et al. I973) , cytomegalovirus (Huang, i975) , vaccinia virus (Bolden et al. 1975) , equine abortion virus (Duff & Overby, I975 ) , Marek's disease virus (Leinbach et al. I976 ) and Epstein-Barr virus (Nyormoi et al. t976) , by interfering with a virus-induced DNA polymerase (Huang, I975; Mao et al. I975; Mao & Robishaw, I975) . The interaction of PAA with virus DNA polymerase is also suggested by the isolation of drug-resistant viruses with altered DNA polymerase (Hay & SubakSharpe, I976; Honess & Watson, I977) . Although it has been demonstrated that PAA inhibits the DNA polymerase c~ and to a lesser extent the DNA polymerase 7, and also produces a significant inhibition of DNA synthesis in isolated nuclei (Bolden et al. I975) , there is little or no toxicity in cells treated with the drug at concentrations below 2oo #g/ml (Overby et al. I974) .
In this report we show that under conditions in which host DNA replication is not affected, PAA inhibits ASF virus DNA replication as well as a DNA polymerase activity induced after infection.
Plaque assay. The conditions for plaque assay of ASF virus on VERO cells have been previously described (Enjuanes et al. I976a ) , and the virus titres expressed as plaque-forming units (p.f.u.) per ml.
DNA polymerase assay. The polymerase assay is based on the measurement of the incorporation of methyl-3H-thymidine triphosphate into a trichloroacetic acid-insoluble product. The reaction mixture contained in a final volume of o-2 ml: o'o5 M-tris-HCl, pH 8"5; o'oo5 M-MgC12; o'oo5 M-2-mercaptoethanol; o'o75 M-NaC1; I x io -4 M-EDTA; 2xIO-4M each of unlabelled deoxynucleoside triphosphates; 3.3 x IO-rM-dTTP with io/zCi/ml of methyl-3H-dTTP; o. 5 mg/ml of 'activated' DNA (Aposhian & Kornberg, I962) and 5 to 8o #1 of cytoplasmic extracts from infected or uninfected VERO cells; usually 5 #1 with about I5 #g of protein were used. The mixtures were incubated at 37 °C for 3o rain and the reaction was terminated by precipitation with cold 5 % trichloroacetic acid containing o.oI M-sodium pyrophosphate. The precipitates were collected on Whatman GF-C filters, washed, dried and counted in a liquid scintillation spectrometer.
Infection conditions. Preconfluent cultures of VERO cells were infected with ASF virus at different multiplicities of infection (m.o.i.) or were mock-infected. The inoculum was allowed to adsorb for 2 h at 37 °C, sucked off and the plates washed with PBS. Fresh Dulbecco's medium supplemented with 2 }/o calf serum was added and the cultures were incubated at 37 °C.
Labelling conditions. To study the kinetics of virus DNA synthesis, ASF virus-infected or mock-infected cells, either in the presence or absence of Ioo/zg of PAA per ml of culture medium, were pulse-labelled for 2 h with methyl-aH-thymidine 09 Ci/mmol) at Io/zCi/ml in Dulbecco's medium supplemented with 2 % calf serum.
Cellfractionation. The conditions for cell fractionation have been previously described (Ortin & Vifiuela, I977). Fig. I . shows the effect of PAA concentration on the yield of ASF virus in VERO cells infected at different m.o.i. At concentrations of PAA between I oo and 2oo/zg/ml the plateau values of virus yield were 2 to 6 logarithmic units lower than the control ones. As can be seen, the rate and the extent of the inhibition were multiplicity-dependent. 
RESULTS

Inhibition of ASF virus multiplication by PAA
PAA inhibits an early virus function
To explore whether PAA interferes with ASF virus multiplication at early or late times of the growth cycle, virus-infected VERO cells were treated with the drug at different times after infection and the cultures were incubated until 72 h post infection. In the same experiment the kinetics of virus production in the absence of the drug was determined. Fig. 2(a) shows that the addition of PAA up to 6 h post infection reduced the virus yield by more than 99 %, and after IO h post infection by less than 3o % of the control values. This observation suggests that the drug interferes with an early virus function.
The synthesis of virus DNA is inhibited in vivo by PAA
The time course of virus-specific DNA synthesis was followed by measuring the in- 
104111
"a \.
• o_ k. of them received the drug. At the times shown in Fig. 2(b) , one PAA-lacking culture and one PAA-containing culture were pulse-labelled for 2 h, fractionated into nuclear and cytoplasmic fractions and assayed for TCA-insoluble radioactivity. It is apparent from the graph that the addition of PAA to the infected cultures reduced the virus-specific cytoplasmic DNA synthesis by more than 99 %. On the other hand, the incorporation of methyl 8H-thymidine into the nuclear fraction of the mock-infected cells showed no significant variation with the addition of PAA (data not shown).
Reversibility of the inhibition by PAA
To ascertain the reversibility of the inhibition, three series of VERO cell cultures were infected with ASF virus. Two series received drug-containing medium and the third one medium alone. Three days after infection one of the PAA-containing series of plates was washed and fresh medium lacking PAA added and the other series was left iv~ the presence of PAA throughout the experiment. Fig. 3 shows that virus production in the washed cultures resembled that of the cultures maintained in the absence of the drug but with some delay, whereas the virus titre of the cultures kept in the presence of the drug remained unchanged. To ascertain if the residual virus activity, resistant to PAA, was due to extracellular virus adsorbed to the cell, the infected cells were trypsinized after the adsorption period, washed twice with trypsin and once with medium, replated and the above experiment was repeated. The results were identical to those presented in Fig. 3 but the residual infective virus decreased about Io-fold (data not shown). Fig. 4 shows the effect of PAA concentration on the DNA polymerase activity of extracts obtained from virus-infected and mock-infected VERO cells in the absence of the drug. At 2#g PAA/ml the enzyme activity from infected cell extract was inhibited by 5o%, whereas the uninfected cell activity was unchanged. At Ioo #g/ml the inhibition of the infected cell enzyme activity was 95 % and that of the uninfected cell enzyme activity was 3o%, the residual incorporation of methyl-aH-dTTP at this concentration of PAA being the same for both extracts. The assays of the enzyme activity were made under conditions of linearity, and the acid-insoluble radioactive material was shown to consist of DNA because of its sensitivity to DNase I.
Effect of PAA on DNA polymerase activity in extracts from ASF virus-infected and mock-infected VERO cells
DISCUSSION
The results presented in this paper show that PAA inhibits ASF virus multiplication in VERO cells under conditions where uninfected cell cultures did not show any cytopathic effect nor any detectable change in the rate of DNA, RNA or protein synthesis. The extent of the inhibition of ASF virus was dependent both on the dose of PAA and the multiplicity of infection, in such a way that the virus titre obtained reached plateau values which were proportional to the multiplicity of infection (Fig. I) . When the inhibitor was removed from the infected cultures 3 days after infection, the kinetics of virus growth was similar to the control growth curve, although somewhat delayed, supporting the notion that the action of PAA was virostatic (Fig. 3) . Moreover, the residual infectivity detectable in the cultures kept in the presence of PAA remained constant for up to Io days and was probably due to virus particles which adsorbed to the cells but did not suffer uncoating, since they were sensitive to trypsin washing of the cells.
In the process of analysis of the mode of action of PAA on ASF virus growth, it could be shown that the drug strongly inhibits the incorporation of methyl-ZH-thymidine into the cytoplasmic fraction of virus-infected cells (Fig. 2b) , i.e. the synthesis of virus DNA (Ortin & Vifiuela, 1977) . This observation restricts the possible steps at which PAA could inhibit virus growth to the following: (a) penetration and/or uncoating; (b) early virus transcription and/or translation required for virus DNA replication; and (c) virus DNA replication itself. The first of these possibilities could be ruled out since the addition of PAA up to 6 h post infection inhibited the virus production by more than 99 % (Fig. 2a) . The second one seemed unlikely since the DNA polymerase activity induced by the infection with ASF virus could be selectively inhibited in vitro by concentrations of PAA which only slightly affected the cellular DNA polymerase activities (Fig. 4) . We therefore conclude from the above data, that PAA inhibits ASF virus growth by, at least, interfering with the virusinduced DNA polymerase or some related factor directly involved in virus DNA synthesis, probably in a way similar to that described for the inhibition of other deoxyviruses (Bolden et al. ~975; Huang, I975; Mao et al. I975; Mao & Robishaw, I975; Nyormoi et al. I976 ) .
Preliminary results indicate that ASF virus multiplication in swine macrophages, probably the virus target-cell, is even more sensitive to PAA than in VERO cells. The potential usefulness of PAA as a prophylactic and/or therapeutic agent against ASF is supported by its inhibitory action on ASF multiplication in swine macrophages and its lack of toxicity for these cells (unpublished results).
